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Figure 1: Experiment design to measure sensitivity to change in blur.
One eye of the participant is fixed on the center of the accommodation
stimulus while the blur stimulus changes. We measure the thresholds
of detecting or discriminating the blur changes under varying eccen-
tricities and baselines.
Abstract
The human visual system can resolve higher spatial frequencies in
the fovea than in the periphery. This property has been harnessed
by recent 2D foveated rendering methods to reduce computation
cost while maintaining perceptual quality. Inspired by this, we have
conducted psychophysical experiments to study foveation of human
visual systems for 4D light fields and evaluate our prototype system
described in [Sun et al. 2017].
We measure, for the first time, the blur detection/discrimination and
light field depth perception thresholds in up to 15 degree of visual
eccentricity, and reject the idea of replacing the peripheral render-
ing with 2D billboards − 4D light fields are still required. The
psychophysical data can also guide other foveated rendering ap-
proaches.
Keywords: light field, computational display, foveation, sampling
Concepts: •Computing methodologies → Computational dis-
play;
1 Perceptual Study of Visual Sensitivity
Our goal of rendering foveated light field is to sample the 4D infor-
mation as succinctly as possible: using the fewest number of rays to
represent objects at different depths and eccentricities without let-
ting the user notice the differences. Additional reduction in angular
bandwidth may be possible if the visual system is not sensitive to
focal cue in the periphery. An extreme case is to replace the periph-
eral 4D light field rendering with a 2D billboard, but the sensitivity
and detection thresholds need to be found. The ultimate judge for
this approach is our visual system. Specifically, we ask: are there
conditions in which we can omit angular sampling without the vi-
sual system detecting it? We investigated this question by measur-
ing the visual sensitivity to changes in focus cue. In Section 1.1, we
measured blur discrimination thresholds where a focus-tunable lens
changed the targets’ focal power to generate blur. We found that
the thresholds varied significantly across individuals; some reached
very low values. In Section 1.2, we measured depth discrimina-
tion thresholds where the eye automatically generated blur using
our display prototype. We observed that under light field display
scenarios, our ability to discriminate depth from focal cue degrades
more consistently as eccentricity grows. The difference motived
us to further analyze and formulate the whole display-eye system.
Please refer to our supplementary video for live captures.
1.1 Blur Perception with Optical Stimuli
Wang and Ciuffreda [2006] measured the thresholds of blur detec-
tion (noticing blur) and discrimination (differentiating between blur
sizes) at various eccentricities from the fovea to 8 deg. The thresh-
olds increased monotonically as a function of eccentricity for both
detection (0.53D1 to 1.25D) and discrimination (0.29D to 0.72D).
Ronchi and Molesini [1975] also measured blur detection threshold
at farther visual eccentricities, where it increased from 2 to 5D at
7 deg to 7 to 12D at 60 deg. The monotonic increase in the thresh-
old suggests that we may be able to omit angular sampling entirely
under some conditions. However, we noted the disagreement in
the threshold values at 7 to 8 deg of eccentricities between the two
aforementioned studies. We thus measure blur detection and dis-
crimination thresholds through psychophysical experiments.
We have designed a psychophysical experiment to measure the blur
detection and discrimination thresholds at different eccentricities:
0 deg for fovea, and 5, 10, and 15 deg for different peripheries.
Setup. The setup is photographed in Figure 1. Blur pedestals,
the baseline blur in the discrimination task, of −2,−1, 0, 1, and
2D were tested at all eccentricities. The visual stimulus was pre-
sented on an LCD display (Acer XB270HU, 2560 × 1440 reso-
lution, 144Hz refresh rate), at the desired location to control vi-
sual eccentricity. The display was located at 80 cm away from
the viewer, where the central pixel subtended 1 arcmin from the
viewer’s eyes. A focus-tunable lens (Optotune, EL-16-40-TC, re-
sponse time 30ms), placed before one eye of the subject, controlled
the focal distance of the stimulus. The field of view provided by the
lens subtended 13 deg in radius. A bite bar was used to precisely
position the viewer’s eyes at the desired location.
Calibration. Every subject went through a calibration procedure
before starting the measurements. This calibration is necessary to
make sure the viewer’s eyes stayed at the farthest point of his/her ac-
commodation. First, we found the farthest point of accommodation
by a tumbling E test [Taylor 1978] and a staircase procedure [Levitt
1971]. Second, magnification and translation due to the change in
focal power of the lens was quantified using alignment tasks.
Stimuli. The visual stimulus for blur detection/discrimination
was a bright rectangle (100cd/m2) drawn on a dark background
(20cd/m2). The size of the foveal rectangle was 0.16 (W) × 0.8
(H) deg. The size of the peripheral rectangles scaled linearly with
visual eccentricity - 0.04 (W) and 0.2 (H) × the eccentricity deg.
The focus-tunable lens operated with the display to introduce defo-
cus blur to the rectangles. The presentation time for the rectangle
was kept to 0.3 sec, short enough to prevent accommodation.
1We useD as diopter unit, which differs from “dimension” in “4D” and
“2D” displays.
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Figure 2: Blur perception study results. These figures plot the thresholds of blur detection and discrimination measured as a function of eccen-
tricity and pedestal/baseline blur (−2,−1, 0, 1, 2D) for four different subjects. X-axis represents retinal eccentricity in degree. Y-axis represents
thresholds measured at varying eccentricities and pedestal blurs. Each vertical bar indicates the 75% performance level centered at a 95%
confidence interval. Threshold values increase with eccentricity for subjects U1 (both with and without correction for astigmatism) and U2 but not
for U3 and U4. The measured thresholds were lower than both [Wang et al. 2006] and our geometrical prediction. This suggests a conservative
saving within 15 deg of eccentricity.
The rectangle appeared twice in a random sequential order with
different amounts of blur; one with pedestal blur for discrimination
(or no blur for detection) and the other with more blur in addition to
the pedestal blur. Fixation target was inserted for 0.5 sec between
the two intervals to discourage subjects from accommodating to
the stimulus. The task was a 2-alternative-forced-choice: subjects
chose the one that appeared blurrier and had to guess when not sure.
More than 100 trials were executed per combination of blur pedestal
and visual eccentricity. Total duration of the experiments including
calibration and training was about 6 hours.
Subjects. Four subjects, aged 31 to 48, participated. All subjects
had normal or corrected-to-normal visual acuity. One subject was
an author. The other three subjects were unaware of the experimen-
tal hypothesis.
Measurements. The measurement results are shown in Figure 2.
The Y-axis represents blur discrimination thresholds. Each bar in-
dicates the 75% performance level centered at a 95% confidence
interval. We estimated threshold values by fitting a cumulative
Gaussian function to the performance curve drawn as a function of
size of differential blur [Schu¨tt et al. 2016]. Specifically, we mea-
sured performance at many values of added blurs. We then estimate
participants’ performance levels as a function of the magnitude of
added blur. The performance level will be 50% (chance level) when
user cannot tell the difference, and it will be 100% when user can
tell. Note that performance level is different from whether user
can see the difference. Performance of 50% corresponds to 0% of
seeing the difference. Similarly, performance of 75% corresponds
to 50% of seeing the difference. We used a statistical method, psy-
chometric function fitting [Schu¨tt et al. 2016], to estimate where the
75% performance point. Threshold is defined to be the magnitude
of blur where performance of 75% occurs.
Results. The experimental results are shown in Figure 2, where
baseline defocus is color coded. Note that 0D baseline means blur
detection threshold. The dashed black line shows geometrically es-
timated detection thresholds by comparing a cylindrical blur ker-
nel for a 5mm pupil and ganglion cell densities. Solid black
line shows the prediction curve suggested by Wang et al. [2006].
Both lines are plotted for theoretical comparison with our collected
data. The results show three observations. First, the thresholds
increased as a function of eccentricity for some subjects but not
all; the threshold values for two subjects (U3 and U4) remained
nearly constant and below the theoretical curves at farther eccen-
tricities. Second, correction for astigmatism of one subject (U1,
astigmatism= −1.25D at 8 deg) did not significantly improve sen-
sitivity to blur change, if not harmed. Third, varying baseline
yielded large thresholds differences given an eccentricity. This may
be attributed to various factors, e.g., peripheral refractive state [Sei-
demann et al. 2002].
1.2 Depth Perception with Light Field Display
Many studies showed our focal cue sensitivity decreases with reti-
nal eccentricity. This includes blur size change, depth perception,
and accommodative responses. However, light field displays pro-
vide focal cues differently from nature because the eye receives
only a finite number of discrete rays. To our best knowledge, no
prior work studied the eccentricity effect on light field depth per-
ception.
We measured monocular depth perception, a key factor differenti-
ating between light field and conventional 3D displays. With our
prototype [Sun et al. 2017], we first conducted a pilot study to ver-
ify the existence of foveation from light fields. Motivated by the
results, we then performed a thorough psychophysical experiment
for depth detection thresholds along eccentricities.
Design. Figures 3a and 3b show the study design. Subjects were
seated at 3.3D (30cm) from the light field display with their non-
dominant eye occluded. A chin rest was used to accurately control
the viewing distance.
The stimulus consisted of one fixation target and two test targets,
both have broadband binary Voronoi diagrams textures (Figure 3b).
The fixation target at 3.8D was a small green square. It remained
at the center of the screen to fix subjects’ gaze and focal distance.
Subjects were asked to keep watching this fixation target during the
entire study to keep both gaze position (i.e. fovea center) and focal
distance invariant. The test targets were two vertically elongated
rectangles rendered side-by-side with a small gap 2.5mm (to avoid
occlusion cue). The first test target was at same depth of the fixation
but rendered behind to avoid occlusion. The second object was
rendered at 2.8D. They appeared at one of 8 eccentricities from the
fovea to 15 deg.
We ran 20 trials for each of these 2 conditions. In each trial, users
were asked to select which test target looked closer. We used
the method of adjustment to measure the depth detection thresh-
olds. At the beginning of each trial, the two test targets were po-
sitioned at the same depth (3.2D). Then subjects pressed up/down
arrow buttons to increase/decrease the two targets’ depth separa-
tions until reaching the thresholds where they can perceive the rela-
tive depths. We dynamically rescaled the sizes of test targets based
on their depths so that they always appear the same size (to avoid
size cue). Subjects were warned when the relative depth reached 0
or the hardware limit. Each eccentricity contains 4 trials. All trials
were randomized.
Results. Figure 3d plots the mean thresholds with standard devi-
ation. All subjects showed consistent trend of increasing thresholds
with respect to eccentricity.
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Figure 3: Depth perception studies (Section 1.2). (a) shows the study
setup. (b) shows a simulated retinal image from the light field stimuli.
The green object is the fixation; the other two are the test targets. (c)
plots the pilot study (Section 1.2) for verifying foveation existence. Y-
axis shows ratios of telling correct relative depths between the two
test targets. Note the higher accuracies in the fovea (≥ 90%) than
periphery (near 50%, i.e., random guess). (d) plots the result of depth
detection thresholds against eccentricities.
1.3 Discussion
The blur perception thresholds from optical stimulus (Figure 2)
show that some individuals retain high blur sensitivity as far as
15 deg, with the minimum threshold down to 0.2D. This finding
rejects the straightforward idea of rendering only 2D images at far
periphery; sufficient 4D sampling is still required.
However, it seems that the visual system can appreciate only a lim-
ited number of discrete rays generated by light field displays− Fig-
ures 3c and 3d show the existence and consistency of decreased
depth perception along eccentricities ≥ 6 deg. This suggests that
the thresholds measured using optical blur might be too conserva-
tive for light field displays.
The goal of foveating light field displays is faster rendering with-
out degrading perceptual quality, especially depth cues. The dif-
ferent trends above suggest that foveated depth perception relates
to both the human vision and the display systems. These motivate
us to use the anatomically retinal receptor data ([Watson 2014]),
whose trend matches Figure 3d, to formally model all the retina-
lens-display components in [Sun et al. 2017].
Despite the optical and biological factors above, our detection ca-
pability at a given eccentricity also relates to the stimuli’s depth
disparities, as observed from Figures 2 and 3d. This inspired us to
extend the perceptual model for scene content adaptation in [Sun
et al. 2017].
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